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Photovoltaic (PV) inverters are now supposed to provide additional 
supporting services with more reliability and efficiency. This paper presents 
three different control methods for generating reference current in a 
multifunctional, multilevel grid-tied PV inverter for harmonic, reactive, and 
unbalance compensation. These methods are the synchronous reference 


frame (SRF) theory (d-q), the instantaneous reactive power (IRP) theory 
(p-q), and the conservative power theory (CPT). As a result, the primary 
goal is to propose a low-cost multifunctional solar invert for distributed 
generation, with an appropriate prototype developed in the laboratory for 
experimental validation of various modes of operation. Demonstrated results 
show that the presented inverter is capable of providing various ancillary 
services with all three types of control. 
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1. INTRODUCTION 

Solar photovoltaic (SPV)-based renewable energy systems have gained worldwide acceptance 
because solar power is abundant and free [1]-[8]. To connect a photovoltaic (PV) source to the grid, two 
configurations are used. There are two stages: one stage and two stages. The single-stage SPV is directly 
integrated to the utility grid using an only DC to AC converter, while the double-stage SPV is integrated to 
the supply grid using a boost converter; both topologies are extensively discussed in [9]-[19]. However, 
single stage topology is now recommended because a boost converter is not required in this scheme, which 
not only reduces costs but also improves overall system efficiency. The presented system is a multi-functional 
H bridge-based inverter that addresses many issues encountered in distributed generation systems, such as 
energy shortage and poor power quality due to non-linear loads. The main advantages of H-bridge cascaded 
inverters are their upgradeable power rating, low cost, and modular structure [10], [20]—[27]. Apart from 
tracking point of maximum power and supplying generated electrical power to the utility grid, the proposed 
transformer-less single stage PV inverter can improve power quality. 

The literature [28], [29] presented both two-stage grid and single-stage SPV systems. Both papers 
use solar inverters only for supply of active power into the utility grid. The literature [30], [31] present work 
that includes compensation of reactive power as well as active filtering, but load current balancing is not 
discussed, and hardware results are not provided. Research in [32], [33] proposed synchronous reference 
frame (SRF)-based control methods for grid-associated solar plants to improve power quality. Multiple 
functionalities in PV inverters play an significant role in lowering the complet cost of a solar plant due to 
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higher productivity and reliability. The overall efficiency of any PV system is determined by its ability to 
extract reference current signals. Control techniques for grid-connected solar PV include Akagies 
instantaneous reactive power (IRP) theory [34]-[39], SRF theory [40]-[48], leaky least mean square (LMS) 
[49], and LMS-least mean fourth (hybrid LMS-LMF) [50]-[52]. All of these theories proposed different 
methods for obtaining reference currents. 

Many control techniques for inverters operating in standalone mode have also been presented in the 
literature. Singh and Solanki [53] presented a useful comparison of IRP theory, SRF, and Adaline-based 
LMS algorithms for DSTATCOM operation. The cascaded multilevel inverter is the most common 
configuration of multilevel inverters like the neutral point clamped (NPC) and flying capacitor multilevel 
inverters [54]-[59]. The cascaded multilevel inverter is made up of seprate cascaded H-bridge (CHB) cells 
that are powered by indivisual solar panels. This paper proposed controlling a three-level three-phase 
grid-connected solar converter with separate voltage control of H-bridge DC-link in distribution-level 
operations. The proposed multi-functional inverter not only integrates generated electrical energy to the 
utility grid but also provides nighttime assistance, harmonic compensation, low voltage ride through (LVRT) 
support, and active anti-islanding detection capability. In this work, the performance and robustness of each 
control method of reference current generation are experimentally validated. The establishment of a 
transformerless, single-stage H bridge converter-based solar PV inverter with access to the grid is one of the 
study's contributions. Presented system is capable of providing very good controllable and manageable PV 
system integration into the distribution grid. Application of STM32 bit microcontroller to implement an 
adapted hysteresis control algorithm that includes all of the advantages of a hysteresis current controller 
while also maintaining a consistent switching frequency. This work presents a detailed comparative study for 
three most popular control stategies (d-q, p-q, and conservative power theory (CPT)) applied for reference 
generation. Any of these techniques can be used to solve a specific power quality problem with the STM32 
bit microcontroller. Active islanding detection and LVRT support are implemented for the grid-integrated 
multifunctional converter for provide a cost-effective solution to low and medium voltage industrial loads. 
The proposed system's feasibility is demonstrated using real-time experimental results. 


2. METHOD 

Figure | presents a line diagram for the proposed system. The proposed configuration uses a 
single-stage, transformerless, three-level, multipurpose photovoltic inverter coupled with the distribution grid 
and the point of commen coupling of a non-linear load. Here, the voltage of each of the three H bridge cells 
have been controlled by three proportional integral (PI) controllers. An inverter turns on and a hysteresis 
current controller regulates the current. The perturb and observe (P&O) maximum power point tracking 
(MPPT) approach is used to extract the maximum power available from solar panel. The grid synchronisation 
is done by employiong second-order generalised integrator (SOGI) estimators. Thre algorithms d-q/p-q/CPT 
are employed for producing reference signal. In this work, a diode rectifier with risistive load at the output 
yields a nonlinear load. 


2.1. Reference signal generation on the basis of instantaneous reactive power theory 

Akagi was the first person to put forward this concept [60]. This theory suggests that in order to 
calculate active and reactive power in this frame, three-phase instantaneous values must initially be converted 
into two-phase values in a stationary reference frame using the Clark transformation [60]. The block diagram 
for this theory is given in Figure 2. Grid voltages U}, Up, Uc and load currents iLa» ity, İLc are sensed and fed 
to the controller for processing and generating the reference currents i3, ij, i¢. These currents are compared 
with actual inverter currents i}, ip, i, by hysteresis current controller as shown and switching signals are 
produced. As a result, the block in figure will be used as the figure controller block. The block diagram of 
p-q control in Figure 2 generates three-phase instantaneous grid voltages. 


Usa Um sin wt (1) 
UuspUm sin wt — = (2) 
Usc Um sin wt + = (3) 


And the load current is represented by: 
lia = 2 tran sin{n(wt) z Oan? (4) 


Bulletin of Electr Eng & Inf, Vol. 12, No. 5, October 2023: 2717-2732 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 2719 


. m : 2T. 
ip = X iron sSin{n(wt — z) — Opn} (5) 
F x n 2T. 
ic = X iren sin{n(wt + =) — Ocn} (6) 
Non Linear Load 
Pcc 
~N SN 
CH E . 
Grid 440V/110V J J 
Grid Voltage & Currents Load current 
sensors Sensors 
Three level 
cascade H 
Bridge 
PV Array Gate pulses 


ate pulses 


x 
x 


DC Voltage & current 


Measurements 


IGBT Driver Card 


C 


ARM Cortex Må z 
Microcontroller 


Hysteresis 


On-Chip ADC 
Sensor Card with Required 
Signal Conditional Circuit 


Sensed voltage & current 
signals 


Different control 
schemes 
DQ/PQ/CPT 


Figure 1. Block diagram of presented system 
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Figure 2. Reference current extraction in p-q theory 
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As shown here, the instantaneous phasors of the grid voltage and load currents can be 
simultaneously transformed into stationary frames using the Clark's transformation. 


1 1 
| => — = | [Usa 
Ug 3 2 2 
[us] = Ë z 3 jel @ 
0 Ty Ta] ise 


la 3 1 7 ; i ira 
il- Ef a ae ° 
rears tie 
Now representation of instantaneous power in the conventional three-phase circuit as in (9): 
p = Ua *igt Up * ip F Uc * lc (9) 
The real and reactive power have been defined as follows in the IRP theory: 
p = Ug * ig + Ug * ig (10) 
q = —Ug *ig + Ug * ig (11) 


Real power (p), imaginary power (q), and zero-sequence power (pọ) all three instantaneous powers, can be 
determined from line currents and instantaneous phase voltages in aB0 coordinates as in (12): 


Po Uo 0 0 lg 
| p | =|0 ug ug |lig (12) 
q 0 ug —ua] [is 
Instantaneous active and reactive powers p and q result from both an oscillatory component and an average 
component. 


(p =p +p) and (q =q + ğ) (13) 


By calculating the appropriate reference source currents, the oscillatory component of the instantaneous 
active power and the IRP are compensated. It's important for the source to only supply the active power's 
non-oscillating component. In (14) can be used to calculate a-B currents: 


isa fe 1 Ua Ug p 
| = ener) F Ua K (14) 


Then, using inverse Clark transformations, these currents are transferred into the a-b-c frame as shown in (15): 


1 
= 1 0 

la hy 1 v3 to 

te A _1 _yaylise 
V2 2 2 


2.2. Synchronous reference frame theory 

The idea has been laid out by [61], which suggests the transformation of voltage and currents on a 
reference frame which rotates synchronously. A block diagram of this concept is shown in Figure 3. The 
controller receives the sensed input voltagese U,, Up, Uc as well as currents iza, izp, iz~. According to this 
theory, phase locked loop (PLL) needs to be cognizant of the grid voltages’ angle. For the required active and 
reactive references, load currents are transferred into the d-q frame and decoupled into the d and q axes, and 
then transmitted again to the instantaneous a-b-c frame to supply the hysteresis current controller. After 
converting current components in the stationary frame (a-B-0) using 8 angle, these currents are subsequently 
transformed from - to d-q frames using (Park's transformation). 
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The synchronous frame produces DC current values by rotating at a constant speed in 
synchronisation with the instantenious a-b-c voltages. The fundamental positive sequence components of the 
load currents in a synchronously rotating reference frame are represented by their constant part, which has 


been eliminated by a low-pass filter from the load currents in a synchronously rotating reference frame. 
Finally, those components have been transferred from the d-q frame to the a-b-c frame using (17). 


adc cos @ esl lddc 
[= bar cos 0 Jles] on 


The inverse transformation is then performed using (18) to yield three-phase reference source currents in a, b, 
and c coordinates. 


j Ce ce 

ica sin (wt cos (wt 

i| = | (18) 
icc sin (wt += sin ( (wt += 


Switching 
Signals 


Figure 3. Block diagram of d-q control 


2.3. Conservative power theory 

CPT was first developed by [62] and subsequently modified [63], [64]. Many researchers have 
focused on CPT in grid-connected inverter control applications and active power conditioners. In CPT, 
selective compensation is accomplished by orthogonally isolating undesirable current components. A CPT 
algorithm implementation does not necessitate any reference frame translation aside from this. Although the 
CPT, which operates within a time-domain framework, is capable of handling polyphase systems, this work 
is focused on three-phase and three-wire systems. Consider the m phase network where u is vector of phase 
voltage, i is vector of phase current and @ is vector of unbiased voltage which is given by f=w(u-t) here 


u= IN u(t) dt i= f udt and w = 2IIf f is frequency and T is time period [62]. The following conservative 
quantities are defined as: 
- The instantaneous power p=u 0 i 
- The instantaneous reactive energy w=t 0 i 
- The active power P=p=< u, i > 
- The reactive energy E=e=< fi , i> 
- Here ois scaler product and < > is inner product 
According to CPT, the active currents can be separated from the load current. 


, (umim) P, 
lam = TE Um = Um = GmUm (19) 


um 
The equivalent conductance in this case is the reactive phase currents (Gm). 
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Cmim) a Em ~ ~ (20) 


=> ü B,,u 
rm llumll2 m už m mm 


Where (Bm) is the equivalent phase reactivity. The remaining currents are void current s.i,,, and are 
determined by subtracting active and reactive current from the total phase current as given as in (21): 


lym = bn — lam — bem (21) 
Balance active current is subsequently supplied by current. 


b _ (vi) _ P: atah 
lam _ lulz “™ = Um = G Um (22) 


The defined balanced reactive currents include in (23): 


P i) A E A 
tm =] î m = Gum = Bûn (23) 


Unbalanced active currents are obtained by subtracting the total active current from the balance active 
current. 


in = iam — im = (Gm — G” Jum (24) 
The imbalanced reactive currents are created similarly as in (25): 

IYn = ipm — Êm = (Bm — B” )ûm (25) 
I% which is the total imbalance phase current, is therefore determined in (26): 

m= +1, (26) 
The measured current vector may be divided into four separate components as shown in (27): 

i=i,b +i,b +igu +i,u (27) 


However, as previously stated definitions stated all of the current's components are orthogonal to 
one another, hence the RMS value is shown as in (28): 


I= J? + IB? + yw? 4 yb? 41,7 (28) 


Similar to that, apparent power (Pa) is discribed as: 


Pa = lull. Ilill 


P, = toll. fie? +IP? +W? + R? H ie (29) 


or 


P, = J P2 + Q? + N2 +N? +D? (30) 


Where active power is P = UIP, reactive power is Q = UIP, unbalanced active power is N, = UIË, 
unbalanced reactive power is N, = UI’, and distortion power is D = Uly. 

This theory states that several variables in (28) that are applicable to power conditioning 
applications are independent of the current and voltage waveforms of the circuit. The existence of periodic 
quantities is the sole requirement. The formation of various compensating currents using the CPT algorithm 
is illustrated in Figure 4. 
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Figure 4. Reference current extraction in CPT 


2.4. Voltage and current control implementation 

This section describes how the proposed grid-connected inverter, which is depicted in Figure 1, 
would put the control method into effect. Since there are three CHB employed here (one for each phase), there 
are three different DC-links, MPPT is used, their average is regulated. The outer loop controls the DC-link 
voltage. The P&O approach is used for sampling the outer loop every 0.001 seconds in order to monitor the 
maximum power point. Combining SOGI-frequency locked loop (FLL) and DC blockers, just one voltage 
sensor is needed for grid angle determination. For the outer voltage control loop, the PI values for the 
proportional controller (Kp) and integral controller (Ki) gains are kept at 0.3 and 0.2, respectively. In this 
study, a modified hysteresis current control approach is used to switch and control a three-phase, three-level 
inverter. A signal is acquired, compared, and the switching pattern is adjusted according to requirement at the 
end of each sample period, 50 samples are taken each microsecond as the sampling rate. Instead of 
comparing actual and reference currents in a real experimental prototype, current error was used. 
Additionally, in order to maintain a consistent switching frequency, 10 microseconds dead time are added 
between two successive changing switching patterns, during which all the switches are switched off. 


2.5. Multifunctional operations mode of inverter 

A flowchart describing the proposed inverter's multifunctional operation mode is shown in Figure 5. 
The inverter being demonstrated has six different modes of operation. In daylight PV mode, it will 
simultaneously provide the grid with active electricity generated by PV along with power factor correction 
and harmonics elimination caused by nonlinear loadi, active filtering, and power factor correction mode. In 
this PV mode, it will use the remaining capacity to provide reactive energy to the grid. Throughout the night, 
it will operate at full capacity to offer reactive support to the grid. The negligible amount of active energy 
necessary to maintain a DC link will be supplied by the grid. If the grid voltage drops below 70% of its 
nominal value, reactive power will start to assist the grid until it reaches maximum capacity. The LVRT 
capacity of the inverter refers to the ability to stop supplying active power this time. The grid will instantly 
stop feeding the grid and enter islanding mode if it is suddenly disconnected. 
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Figure 5. Flowchart for multifunctional operation modes 


2.6. Experimental setups 

A prototype has been developed in a lab for the proposed system's real-time implementation; Figure 6 
depict the image of this prototype. The nonlinear load (MDS 100) and the three-level, three-phase H-bridge 
solar inverter are both directly linked to the 230 V supply grid. Three inductors with a value of 6 mH are 
implemented as line inductors, and the inverter is controlled by an ARM cortex-M4 microcontroller 
(STM32F407VG). A single-phase, four-switch insulated gate bipolar transistor (IGBT) inverter module and 
two 150 Wp SPV sources comprise each phase of an H-bridge PV inverter. An inductive current transformer 
detects the grid voltage, load current, and grid currents. Both the DC-bus voltage and solar PV current are 
detected by a sensor card that depends on the hall effect. Table 1 provides specific details about real-time 
implementations. 


Figure 6. Experimental setup 
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Table 1. Details of components used in experimental setup 


Parameter/component Value 
SPV source 150 Wp (waaree energies Ltd) 44.30 V 
Open circuit voltage (Voc) 451A 
Short circuit current (Isc) 36.10 V 
Voltage at maximum power (Vmp) 4.16 A 
Current at maximum power (Imp) 1000 V 
Maximum system voltage module efficiency (%) 12.89 
PV capacity 900 W 
Grid supply 400 V, 50 Hz 
Auto-transformer rating (line voltage, current) 400 V/130 V, 15 A 
Line inductor 6 mH 
IGBT inverter module: 5 KW (600 V/1200 V, 25 A IGBTs) 
Ripple Fi 5 Q 10 W, 2.5 uF/440 V 
Iter (Rf, Cf) 
Non-linear load (diode bridge rectifier) MDS100/04 400 V 
Kp, Ki values 0.3, 0.2 
DC-link capacitor 4700 mF 450 V (single on each DC LINK) 


3. RESULTS AND DISCUSSION 

Employing three different approaches for reference current generation, the performance of the 
suggested solar PV inverter in the multifunctional operating mode is monitored in real time. As seen in 
Figures 7(a)-(c), as well as Figures 8(a)-(c), the inverter operation in this work incorporates soft start and soft 
stop. Switching strains, losses, and noise were greatly decreased with the use of soft switching. These figures 
show how smoothly the inverter pulse width modulation (PWM) operations and switching transition proceed. 
When the nonlinear load varies, Figures 9(a)-(c) demonstrate the active filtering operation of the given 
inverter in multifunctional mode for all three techniques for reference current generation. The figures make it 
evident that the suggested H-bridge inverter can properly compensate for harmonics produced by a nonlinear 
load with all three methods since the source current is sinusoidal which is clear from results shown. 


Figure 7. Soft start in multifunctional operation of inverter (a) d-q, (b) p-q, and (c) CPT. 
Scale-horizontal 50 ms/div & 5 s/div vertical Vsa=50V/div, Ica, Isa, [La=2 A/div 
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Figure 8. Soft stop in multifunctional operation of inverter (a) d-q, (b) p-q, and (c) CPT. 
Scale-horizontal 50 ms/div & 5 s/div vertical Vsa=50V/div, Ica, Isa, ILa=2 A/div 


VD Ee ee 
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Figure 9. Active filtering in multifunctional operation of inverter (a) d-q, (b) p-q, and (c) CPT. 
Scale-horizontal 20 ms/div & 5 s/div vertical Vsa=50V/div, Ica, Isa, ILa=2 A/div 
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The dynamic performance of the inverter for each of the three reference generation controls can be 
observed in Figures 10(a)-(c) when the load current is gradually raised from 1.7 A to 3.7 A and subsequently 
lowered to 0.66 A. The grid current's fast fourier transform (FFT) is illustrated in Figures 11(a)—-(f) both 
before and after active filtering. The inverter can compensate for third, fifth, and other harmonics and make 
the injected current nearly sinusoidal, as shown by the figures. With CPT control, performance is improved. 
Based on the experiment's outcomes, the inverter can satisfy load demand while also successfully carrying 
out active filtering and power factor modifications functions. 


Tea 


imeal T Rea, 


(c) 


Figure 10. Dynamic performance of inverter for changing load (a) d-q, (b) p-q, and (c) CPT. 
Scale-horizontal 5 s/div vertical Vsa=50V/div, Ica, Isa, ILa=2 A/div 
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Figure 11. FFT of grid current in all three-reference current generation (a) d-q before active filtering, (b) d-q 
after application of active filtering, (c) p-q before active filtering, (d) p-q after application of active filtering, 
(e) CPT before active filtering, and (f) CPT after application of active filtering 
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Figures 12(a)-(b), which depict the low-voltage ride through and islanding modes, respectively. 
Figure 12(a) makes it clearly apparent that the inverter directs Iq currents to rise when it detects low voltage 
on the grid in order to continue providing reactive power on the grid. In the meanwhile, Vd commands drop 
to indicate that the inverter no longer supplies the grid any active power. The system of operation for islands 
is illustrated in Figure 12(b). Figure 12(b) illustrates how the inverter enters islanding mode and stops 
feeding when the grid voltage approaches 70% of its nominal value. The result is demonstrated by the decline 
in the Vd command vector. Figures 13(a)-(b) depict an inverter's power factor modification mode for low and 
high value of current. Here, the power factor modification capacity of the presented inverter is taken into 
consideration in conjunction with the grid voltage (V) and injected current (I). Given that the inverter is 
injecting extra power into the grid, it is evident from the two numbers that grid voltage and grid current are in 
1800-phase opposition to each other. 


(a) 


Figure 13. Power factor correction mode of inverter, (a) low value of current and (b) high value of current 


Three different techniques for producing reference current for inverter control are employed in this 
study and brought to the test experimentally. PI controllers are typically used in SRF (dq) control strategies, 
however in grid-connected applications, these controllers have very poor low-order harmonic compensation 
capabilities. The low-pass filters utilised in this approach for filtering signals in the d-q frame for the 
extraction of reference current cause a delay in response that also appears. The generation of the sine and 
cosine voltage templates is crucial for calculating reference source currents. Proportional-resonant (PR) 
controllers are employed in the IRP (p-q) control method. Lower-order harmonics are easier to regulate using 
PR controllers in the stationary reference frame than higher-order harmonics the SRF. Additionally, just the 
filtered grid voltage is needed for the generation of the current reference; there is no need to figure out the 
grid voltage's phase angle. To compute instantaneous active and reactive powers. However, IRP theory 
requires voltage signals; voltage imbalance or distortion will lead to inaccurate estimation of reference source 
currents. Actually, all that is required is the load current's accurate value at fundamental frequency 
component. A hysteresis current controller rather than a PI/PR controller is employed in this study. The 
primary drawback of this controller is the requirement for a variable switching frequency and a very high 
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sampling rate in order to get the best possible outcomes. An arm cortex microcontroller with constant 
frequency hysteresis control is used to fix these issues. A signal is acquired at the ending of each sample 
period, compared, and the switching pattern is adjusted appropriately. Also, a dead time of a few 
microseconds is inserted here between the changing switching patterns. 

This maintains a 20 kHz switching frequency. Additionally, unlike the PI and PR controllers, this 
technique does not require a modulator. This controller features constant switching frequency, quick dynamic 
response, simplicity, stability, load parameter independence, quick transient response, and robustness. 
Because output current must always be in phase to operate at unity power factor or at a certain displacement 
angle to support voltage (when using LVRT or high voltage ride through (HVRT)), grid synchronisation is 
essential. In accordance with the IEEE 1547 draught regulation, the SOGI demonstrates extremely excellent 
dynamics under disrupted grid voltage situations and offers good reactive assistance during an LVRT event. 
Reference current generation based on CPT offers greater flexibility and selective compensation. These 
control techniques can be used to control instantaneous vectors a-b-c without the need for any 
reference-frame transformations. This approach works because it only causes substantial changes with the 
specified current disturbances. Thus, a key component of the CPT-based method is selecting the proper 
portions to be compensated. Table 2 presents an assessment of the three algorithms performance for the 
creation of the reference current complying with the results of the experiment. 


Table 2. Comparative study of performance all three algorithm for reference current generation 


Parameter SRF theory IRP theory CPT 
Number of maths operations More Least Highest 
Total harmonics distortion in grid current Average Better Slight better 
Reference frame transformation Yes Yes No 
Selective compensations No No Yes 
Multifunctional operations Possible Possible Possible 
Number of instructions in processor Less Least Highest 


4. CONCLUSION 

The experimental outcomes demonstrate that the system's performance in its present state meets the 
requirements for active power injection with maximum power extraction, power factor correction, reactive 
power compensation, harmonic elimination, LVRT support, and islanding detection. The newly proposed 
approach outperforms all three of the current reference generations in terms of the response time of the 
system. By employing soft start and soft stop along with constant frequency hysteresis current control, losses 
and stress in devices can be minimized. Therefore, these devices are more suitable for converters with 
modules that are utilised in distribution-level applications. Because all of the results provided here were 
acquired in real time without making use of expensive processors and inverters. This work suggests a 
low-cost option for medium-voltage applications in both urban and rural settings. Both urban and rural 
locations can use this method. With the multifunctional inverter that has been developed as a result of this 
research, less number of indivisual devices will be required to accomplish a variety of applications. 
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